In order to formulate a mathematical model to describe the dynamic behavior of the twophase reaction shown above, a two-film theory is employed to consider the mass transfer of the catalysts between two phases. Hence, those equations which model the two-phase reaction are presented below. The rate of change for ArOQ in the organic phase is the difference of mass-transfer rate and organic-phase reaction rate. The rate of change for ArOQ in the aqueous phase is the difference of aqueous-phase reaction rate and mass transfer rate. 
Similarly, the rate of change for QBr either in the organic phase or in the aqueous phase is obtained as shown in (3) and (4). 
( )
In the above equations, "f" is defined as the ratio of the volume of organic phase (V 0 ) to the volume of aqueous phase (V a ), i.e.
The distribution coefficients of catalysts m ArOQ and m QBr are defined as 
www.intechopen.com 
The parameters m QBr , m ArOQ , K QBr A, K ArOQ A, K aq and K org for the allylation of 2,4,6-tribromophenol in a two phase catalyzed reaction [54] 
Combining (11), ( 21) 
The concentration of ArOK in the aqueous phase can be obtained from the material balance of 2,4,6-tribromophenol, which is shown in (12) . As shown in (28) and (29), the Damkohler number indicates the ratio of the chemical reaction rate to the mass-transfer rate of the catalyst. An effective fraction of catalyst, η, which is defined as the ratio of the observed two-phase reaction rate to the organic-phase reaction rate with catalyst completely used, is given as 
The parameters "α" and "β" reflect the effects of the equilibrium distribution of catalysts between two phases and the mass transfer of catalysts across the interphase. "R" is a ratio of the reaction velocity in the organic phase to that of velocity in the aqueous phase. Thus, the concentrations of ArOQ and QBr either in the organic phase or in the aqueous phase can be represented by the following equations:
By solving the nonlinear algebraic equations of (11), (12) , (32) , (36) , (37) , (38) , and (39) with the specified parameters or the operating conditions, the simulation results for f = 1 are given in Figures 1-3 . As given in (28) and (29) , the Damkohler number (D a ) is defined as the ratio of the reaction rate to the mass transfer rate. From the plot of D a vs. the conversion of allyl bromide, it is obvious that the Damkohler number of ArOQ, which also depends on the initial concentration of allyl bromide, is much less than unity for the whole range of conversion ( Figure 1) . Thus, the reaction rate of the organic-phase reaction is much lower than the masstransfer rate of ArOQ. Hence, the mass-transfer resistance of ArOQ from the aqueous phase to the organic phase is negligible when compared with the reaction rate in the organic phase. In addition, the Damkohler number of ArOQ increases with the increase of temperature for a certain value of conversion. This is attributed to the increase in the organic phase reaction rate at a higher temperature while the resistance of mass transfer of ArOQ is very small. The order of magnitude of the Damkohler number of QBr (Da Br ) for the whole range of conversion is about unity (Figure 2 ). These results reflect the fact that the mass-transfer rate of QBr from the organic phase to the aqueous phase is slightly larger than the reaction rate in the aqueous phase. A plot of R value, which denotes the relative reactivity of the organic phase to the aqueous phase vs. conversion, is given in Figure 3 . The R value is less than unity. In combining the results from Figures 1-3 , the step of the organic-phase reaction is confirmed as the rate-determining step of the whole reaction quantitatively rather than qualitatively by other investigators in the published documents. From the plot of η vs. X, it was found that about 75-90% of the catalyst exists in the form of ArOQ remaining in the organic phase. Further, we found that the concentration of ArOQ in the organic phase increases when the initial amount of catalyst added to the reactor increases. Some of the salient features of the study are: i. The reaction system was simulated by the proposed model in conjunction with the system parameters, such as mass-transfer coefficients of catalysts, distribution coefficients of catalysts and the intrinsic reaction rate constants either in the organic phase or in the aqueous phase. ii. The Damkohler numbers, which directly reflect the relative rate of chemical reaction to the mass transfer of the catalysts, are defined.
iii. The mass-transfer resistance of catalysts from the aqueous phase to the organic phase is negligible. Later, we investigated the reaction of 2,4,6-tribromophenol with allyl bromide catalyzed by triphase catalyst (polymer supported tributylamine chloride) in an organic/alkaline solution [55] . The apparent reaction rates were observed to obey the pseudo-first-order kinetics with respect to the organic reactant when excess 2,4,6-tribromophenol was used. Also, a kinetic model in terms of the intrinsic reactivity and intra-particle diffusion limitations for a spherical catalyst is proposed to describe the triphase catalytic reaction system. The pseudosteady-state approach to the mass balance equation was employed to get the solution. The effective diffusivity of the reactants within the catalyst was obtained from this model and used to predict the observed reaction rate. The apparent reaction rate constants were measured at various agitation speeds using 40-80 mesh of catalyst. Kinetic results indicate that the mass-transfer resistance outside the catalyst can be neglected for agitation speeds higher than 600 rpm ( Figure 4 
Da

Substitution reaction between hexachlorocyclotriphosphazene and sodium 2,2,2-trifluoro-ethoxide
Effects of mass transfer and extraction of quaternary ammonium salts on the conversion of hexachlorocyclotriphosphazene were investigated in detail [56] . Initially, a known quantity of sodium hydroxide, trifluoroethanol, and tetra-n-butylammonium bromide were introduced into the reactor which was thermostated at the desired temperature. Measured quantities of phosphazene reactant, (NPCl 2 ) 3 and n-pentadecane (internal standard) were dissolved in chlorobenzene solvent at the desired temperature. Then, the organic mixture was added into the reactor to start a kinetic run. An aliquot sample was withdrawn from the reaction solution at the chosen time. The sample (0.5 mL) was immediately added to 3 mL of hydrochloric acid to quench the reaction and then the organic-phase contents are analyzed quantitatively by GC using the method of internal standard. In organic reactions which are driven by S N 2 mechanism under phase transfer catalysis conditions, the substrate and the nucleophile react directly via a transittion state to product. The system can be explained by first order reaction by plotting ln [(NPCl 2 ) 3 ] vs. time, which results in a straight line. Thus, the system can be expressed as:
where, ,
[]
The fixed value of k 0,,app is called the pseudo-steady-state first-order reaction rate constant. The series reaction of the organic phase was explained by the S N 2 mechanism [57, 58] . The reaction expressions can be written as: 
From eqs 55 and 56, the concentrations of the distributed products, N 3 P 3 C1 6-y (OCH 2 CF 3 ) y , y = 1-6, including the intermediate and final products, are thus determined. In order to follow the kinetics of phase-transfer catalyzed reactions, it is necessary to sort out the rate effects due to equilibria and anion-transfer mechanism for transfer of anions from the aqueous to the organic phase i.e., the concentration of QOCH 2 CF 3 would remain constant if Q + concentration in the organic phase remained constant throughout the entire course of a kinetic run and the equilibrium constant K is very small.
Many experimental runs were carried out to examine the Q + values and K values. More than 99.5% of Q + stay in the organic phase and K value was calculated to be less than 1x10 -2 . Therefore, the concentration of QOCH 2 CF 3 in the organic phase remains constant. Based on this experimental evidence, those factors affecting the reaction are discussed in the following sections. In PTC systems, it is recognized that the rate-determining step is controlled by the chemical reaction in the organic phase. In systems involving fast mass-transfer rate of catalyst between two phases, the influence of mass transfer on the reaction can be neglected. However, on varying the concentration of (NPCl 2 ) 3 , the apparent reaction rate constant values also changes (Table 1) . Further, the value of k 0.5/ 2 , defined as the ratio of the k o,app value using 0.5 g of (NPCl 2 ) 3 to the k o,app value using 2 g of (NPCl 2 ) 3 , is increased for increasing reaction temperature. This phenomenon indicates that the present reaction system is both controlled by chemical kinetics and mass transfer. Organic reactions, which are controlled by purely chemical reaction kinetics, will be independent of the mass of the reactant on the conversion. The effect of the mass of (NPCl 2 ) 3 in presence of different phase transfer catalysts, on the conversion is shown in We measured the percentage of quaternary ions in the organic phase of the chlorobenzene/NaOH aqueous system with or without adding HOCH 2 CF 3 (Table 3) . From the reaction mechanism it is clear that either the catalyst QOR or QX may stay within the organic phase or the aqueous phase. We attribute the competition of QOR with QX to stay within the organic phase is due to the addition of HOCH 2 CF 3 . It is obvious that the addition of the organophilic substance will make the quaternary cation move into the organic phase.
As a consequence, the preferential extraction of -OCH 2 CF 3 into the organic phase by the quaternary cation catalyst is responsible for the efficiency of the reaction. The apparent extraction constant, E app ,, is thus an index for reflecting the mass transfer effect. Thus, a larger value of E app implies that the two-phase reaction is dominated by the effects of mass transfer.
Influence of solvents on the rate of the reaction was examined by employing seven different solvents under PTC conditions ( Further, the kinetics and the mass transfer behaviors of synthesizing polytrifluoroethoxycyclotriphosphazene from the reaction of 2,2,2-trifluoroethanol with hexachlorocyclotriphosphazene by triphase catalysis in an organic solvent / alkaline solution were studied [59] . In general, the reaction mechanism of the triphase catalysis is:
(1) mass transfer of reactants from the bulk solution to the surface of the catalyst pellet, (2) surface or intrinsic reaction of reactants with active sites, and (3) diffusion of reactants to the interior of the catalyst pellet (active sites) through pores. It was found that the diffusional limitation involves both ion diffusion and organic reactant diffusion within the catalyst pellet. The mass transfer limitation influences the triphase reaction rate. The displacement reaction rate of (NPCl 2 ) 3 in the organic phase was limited by the particle diffusion and the intrinsic reactivity together. The film diffusion of the aqueous phase in the ion-exchange step is the main rate limiting factor. The mass transport of the ion-exchange step in the aqueous phase was not improved by increasing the concentration of NaOCH 2 CF 3 . The effect of the agitation speed on the conversion of hexachlorocyclotriphosphazene is shown in Figure 5 . The reaction follows a pseudofirstfirst-order rate law. Rate constants increased with the agitation rate up to 750 rpm and increased only slightly up to 1200 rpm.
C-Alkylation
The essential condition for a reaction to occur is the effective collision of reactant molecules, even in the phase transfer catalysis system. Recently, Vivekanand and Blakrishnan [29] investigated the effect of varying stirring speed on the rate of the reaction of C-alkylation of dimedone by dibromoethane in the range 200-800 rpm under PTC conditions (Scheme 2).
The experimental results show that the rate constants increase with the increase of stirring speed from 200 to 600 rpm. Further increase in the speed of agitation had practically no effect on the rate of reaction (Fig. 6 ). This is because the interfacial area per unit volume of dispersion increased linearly with increasing the stirring speed till 600 rpm is reached and there after there is no significant increase in the interfacial area per unit volume of dispersion with the corresponding increases in the speed. Consequently, increasing the stirring speed changes the particle size in the dispersed phase. At stirring speeds of 700 and 800 rpm, nearly constant rate constant values were observed. This is not because the process is necessarily reaction rate-limited, but because the mass transfer has reached a constant value. Thus, Fig. 6 is indicative of an interfacial mechanism rather than Starks' extraction mechanism. Chiellini et al. [60] observed a continuous increase in the rate of ethylation of PAN, even up to stirring speeds of 1950 rpm, for which an interfacial mechanism was proposed. Similar observations were made under various phase transfer catalytic reactions and an interfacial mechanism was proposed [41, [61] [62] [63] [64] . 
N-Alkylation
The synthesis of 1-(3-phenylpropyl)-pyrrolidine-2,5-dione was successfully carried out [23] from the reaction of succinimide with 1-bromo-3-phenylpropane in a small amount of KOH and organic solvent solid-liquid phase medium under phase-transfer catalysis (PTC) almost water-free conditions (Scheme 3). For a solid-liquid phase reaction system, agitation increases the kinetic energy of the system and tends to speed up the reaction until a limiting factor is reached. After this the reaction rate is not affected by increasing stirring rates. Therefore, the effect of the agitation speed on the conversion and the reaction rate was studied in the range of 0-1200 rpm. As shown in Figure 7 , the experimental data of the reaction kinetics follows the pseudo-first-order rate law and passes the origin point of a straight line for each experimental run. The apparent rate constants (k app ) were obtained from the slope of the straight lines. There was a significant increase in the apparent rate constant values from 0 to 200 rpm, but it remained at an almost constant value from 200 to 1200 rpm. This phenomenon indicated less influence of the external mass transfer resistance on the reaction beyond 200 rpm. Thus, the organic-phase reaction is obviously a rate determining step at 200-1200 rpm. All subsequent reactions were set at 1200 rpm to assess the effect of various factors on the rate of reaction. 
S-Alkylation
The reaction between sodium sulfide and n-bromobutane to synthesize di-n-butyl sulfide was carried out for in an organic solvent/alkaline solution two-phase medium under phase transfer catalysis (PTC) conditions [65] . The overall reaction is presented in Scheme 4. In the two-phase reaction, mass transfer resistance is an important factor in affecting the reaction rate. In general, either the organic or the aqueous solution can be dispersed in smaller droplet size by agitating the two-phase solution, so, the contact area of two phases is increased with higher agitation speed. The flux of the two-phase mass transfer is also highly dependent on the flow condition (e.g. agitation speed). Fig. 8 shows the dependence of the apparent rate constant (k app,1 ) on the agitation speed. For agitation speeds less than 350 rpm, both mass transfer and reaction resistance are important in determining the overall reaction rate. In this work, the reaction rate does not significantly change for agitation speeds larger than 350 rpm, and the mass transfer resistances of the active catalyst between the two phases are the same for agitation speed over 350 rpm. Hence, it is obvious that the reaction in organic phase is the rate-controlling step for agitation speed larger than 350 rpm under the standard reaction conditions. Below 50 rpm, the reaction rate is quite low because the two-phase solutions do not mix well and layering is clearly observed. Over 100 rpm, the ivory-white dispersion phase occurs. However, the phenomenon of constancy of the reaction rate constant over a certain agitation speed widely exists in PTC reactions, which are formulated based on an extraction model. Wang and Tseng [66] , Jayachandran et al. [67] , Park et al. [68] , Wang and Wu [69] and Do and Chou [70] , proposed the agitation speeds from 200 to 800 rpm. This threshold value changes with changes in the reaction parameters, e.g. the two-phase surface tension will be changed using different organic solvents or adding cationic surfactants, so the maximum two-phase mass transfer rate will be changed under different agitation speeds. 
Dichlorocyclopropanation
Mass transfer between two phases in a phase-transfer catalysis system is important in affecting the conversion or the reaction rate. From the point of kinetics, changing the agitation speed can influence both the mass transfer rate, which relates to the mass transfer coefficient and the interfacial area between two phases, and the reaction rate. Increasing the agitation speed leads to increase both the mass transfer coefficient and the interfacial area, thus enhancing the mass transfer rate. The effects of varying stirring on the rate constants of the dicholorocarbene addition reactions were documented in the literature [40, [71] [72] [73] .
The kinetics of dichlorocarbene addition to 1,7-octadiene have been studied under phase transfer catalytic conditions [74] using aqueous sodium hydroxide as the base and tetrabutylammonium chloride as a phase transfer catalyst (Scheme 5). In this work, the effect of agitation speed on the conversion for the reaction carried out at low alkaline concentration (30% NaOH) is shown in Fig. 9 . No other byproducts were obtained during or after the reaction. The conversion is highly dependent on agitation speeds less than 800 rpm, above which the conversion is not influenced by increasing the agitation speed. The corresponding rate constant values with various agitation speeds are given in Table 5 .
Increasing the agitation speed leads to increase both the mass transfer coefficient and the interfacial area, thus enhancing the mass transfer rate. A similar trend was observed by Vivekanand and Balakrishnan [75] in the kinetic study of dicholorocarbene addition to indene catalyzed by triphase catalyst, where the rates were found to be independent of stirring speed >400 rpm. Table 5 . Effect of the agitation speed on the k app,3 value at low NaOH concentration: 10 mmol of 1,7-octadiene, 20 ml of chloroform, 0.2 mmol of tetrabutylammonium chloride (TBAC), 6 g of NaOH, 14 ml of water, 40 °C. (Adapted from Ref. [74] , by permission)
Esterfication
Dutta et.al. [76] reported kinetics of esterification of phenol derivatives viz., phenol, m-cresol and resorcinol in alkaline solution catalyzed by polystyrene supported tri-n-butyl phosphonium ion under pseudo-first order conditions (Scheme 6). Kinetic results presented are interpreted in terms of three rate processes i.e. mass transfer of benzoyl chloride (organic substrate) to the catalyst surface, diffusion of the substrate through the polymer matrix and intrinsic reactivity at the active sites. The reaction engineering aspects have been addressed from experimentally observed rate determining phenomena as complimented by the theory of diffusive mass transfer in porous catalyst. The order of reactivity of different phenol derivatives: resorcinol< m-cresol< phenol. Apparent rate constants were found to increase up-to 800-1000 rpm (stirring speed) for different phenols, beyond which the k app values were found to be remain constant. They reported that catalysts with particle size lower than 70μm do not enhance the rate. This is attributed to low mass transfer of reactants from the bulk phase to the particle surface and hence the reaction rate is reduced. However the reaction rate is better than the uncatalyzed reaction. In presence of highly active catalyst, mass transfer from the bulk phase to the surface of the catalyst particle can be rate controlling step. They reported that the mass transfer of benzoyl chloride from the bulk organic phase to the surface of the catalysts depends on the contact between the polymer particles and organic droplets, both of which are suspended in a continuous phase of aqueous sodium phenolate. Authors interpreted the kinetic results in terms of three aspects viz., i) mass transfer of benzoyl chloride to the catalyst surface, ii) diffusion of benzoyl chloride through polymer matrix, and iii) intrinsic reactivity at the active sites. Esterifcation of benzyl chloride with sodium acetate to form benzyl acetate and sodium chloride were carried out under tri-phase conditions using polymer supported tributylmethylammonium chloride as the phase transfer catalyst [77] . The investigation focused on the determination of external mass transfer coefficient from the liquid bulk phases to the surface of the catalyst in tri-phase catalytic systems. Special emphasis was placed on the equipment (rotating disk contactor, RDC) which has been conceived and designed for this purpose. Determination of mass transfer coefficient involves an analysis of the various regimes of solid-liquid systems with the solid not soluble in the liquid phase. Esterfication was found to be mass transfer controlled at low agitation speeds and it was found to be characterized by considerable non-catalytic reaction and effects due to dispersion associated with the catalyst. Nevertheless, it was possible to determine the external mass transfer coefficient as a function of the bulk agitation speed. The mass transfer 705 coefficient increases with the increasing agitation rate indicated the dependence of the mass transfer coefficient on the agitation rate. 
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Conclusion
Conventional technologies for multiphase organic reactions were largely uneconomical and polluting and hence were commercially not feasible. In recent years, several new techniques have emerged that use homogeneous or heterogeneous catalysts such as phase transfer catalysts, supported metal catalysts, biocatalysts etc. Among various types of catalysts, phase transfer catalysts have attracted more and more attention. It facilitates interphase transfer of species, making reactions between reagents in two immiscible phases possible. Many organic synthetic applications based on PTC have shown great success. The present chapter has hence concentrated on the PTC reactions, viz., alkylation reactions, esterfication reactions, dichlorocarbene addition reactions etc., using both soluble and immobilized forms of the catalyst. By its very nature, PTC involves interphase transport of species, neglecting which can grossly over predict the conversion of a PTC mediated reaction. Hence, greater emphasis has been given to present the role of mass transfer in PTC-assisted reactions. Nevertheless, there are definitely numerous catalytic reactions still waiting to be discovered and hence, opportunity for major discovery will remain vibrant for a very long time indeed. The new designs for microwaves and ultrasound assisted PTC reactions and the relevant mass transfer data is most essential to understand the design and scale-up of these emerging technologies in industries. It is hoped that this chapter will spur further research in this area, whose applications in the manufacture of organic intermediates and fine chemicals seems almost unlimited.
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